In this paper the basic problems of seismic prevention, in order to preserve the monumental patrimony, are tackled from the diagnostic and structural modelling points of view. Regarding diagnostics, survey forms specializing in the evaluation of the vulnerability of churches having a nave, and possibly one or more aisles, have been prepared. Regarding modelling, analytical models identified in terms of frequencies and modal shapes, to be acquired by means of vibrational trials, are considered. The results obtained are used for the solution of two practical applications; the first one orientated to the classification of a suitable number of churches, belonging to the historical centre of Catania, in terms of the vulnerability level determined; the second one orientated to the acquisition of the dynamic characteristics of a church, chosen as a specimen, and to the definition of a dynamically identified analytical model.
Introduction
Devastating scenarios, caused by earthquakes, that one can still see today, clearly show that in several countries a meaningful prevention policy is still not adopted. This alarming situation could once be justified when, due to the lack of means and culture, one was compelled to be a defenceless witness to disastrous effects caused by earthquakes. But now it appears totally inconceivable.
Scientific and technologic developments attained in the last few years do not justify the passive behaviour with which problems are confronted, action only being taken when the earthquake has already occurred. Advanced calculation methodologies and innovative upgrading techniques are now such as to solve, even for complex structural systems, the following three essential problems in a correct prevention policy.
• the determination of the vulnerability level;
• the location of the at-risk points;
• the design of non-invasive techniques for seismic upgrade. All this should be done before the structure is irreversibly damaged by the earthquake.
To demonstrate the consequences of the lack of prevention interventions some significant data are reported. In 1908, an earthquake with a magnitude of 7.5 on the Richter scale, completely destroyed the cities of Messina and Reggio Calabria causing the death of 80,000 persons.
In 1983, an earthquake with the same intensity occurred in Japan, causing slight damage and the death of only 100 persons. The remarkable difference between these two earthquakes having the same intensity derived from the foresight of Japanese people in defending themselves from severe earthquakes, by means of provident prevention work that resulted in a saving of human lives and resources.
In Italy, in the last twenty years, the damage caused by earthquakes is estimated to have been about 60 billion euros, corresponding to 3 billion euros per year. If the governments that followed one another during this period had invested these resources in prevention works, many human lives and inestimable cultural patrimonies would have been saved. On the contrary, it inevitably happens that, no sooner have the dramatic moments subsequent to the earthquake and the following emergency passed than the human mindset goes to sleep, falling again into a similar situation and into similar errors. This always happened when, in these years, several severe earthquakes affected many regions of our country: Belice in Sicily, 1968; Friuli, 1975; Campania, 1980 ; Marche and Umbria, 1997 and, lastly, Puglia and Molise, 2002.
In the last few years particular attention has been directed to researches dealing with the acquisition of the vulnerability state of vast Italian historicalcentre areas. Based on collected data, vulnerability maps are being drawn up. These maps can certainly be a useful starting point in order to confront prevention problems. However, we are afraid that this important work, without a firm political will, will remain unused, as has already happened.
requirements related both to structural safety and to the architectural values of the building.
This situation becomes even more complicated if one wants to operate on a building already damaged by an earthquake. The difficulties are principally due to the following causes:
• the lack of a specific design code, especially for special typology buildings;
• the absence of interdisciplinary knowledge that is essential in order to choose effective interventions not affecting artistic values; • the use of a calculation methodology that is inadequate for analysing complex structural systems. These structural systems being inadequate to resist seismic actions, the problem of prevention serving to protect them is particularly important. Another important thing is the correct analysis of the structural system behaviour under cyclic actions, like those caused by earthquakes, using adequate calculation methodologies.
In order to achieve these results, one has to perform two important basic operations concerning structural diagnostics and modelling.
Structural diagnostics
Structural diagnostics has to acquire the geometric characteristics of the building and the mechanical characteristics of the materials used. Moreover, the real damage state of the building is to be surveyed with particular attention. Referring to the difficulties related to performing these operations, it is important to understand that, even if the survey is made with the highest grade of precision, one cannot always obtain sufficient data to correctly interpret the real conditions of the structural system. Therefore, the results we reach by means of this kind of analysis are to be considered usable for surveys of wide areas, with all the limitations that the investigation modality, which is easy and quick to use, involves.
For this purpose, it is helpful to use survey forms that can belong to two categories:
• forms based on qualitative analysis criteria; • more reliable forms based on quantitative analysis criteria. Only a few of the currently available forms are suitable for use in research dealing with special typology buildings. Recently, within Catania 2 Project, forms belonging to the second category, suitable to define first and second level vulnerability for structural systems representative of churches having a nave and possibly one or more aisles, have been perfected.
The structural systems of the churches are characterized by having masonry walls of significant slenderness with wide windowed areas and by the lack of diaphragms. The only transverse links among the longitudinal walls are the roofing elements, which are not an effective restraint system. Therefore, designing these forms, in order to determine the vulnerability levels, it was considered useful to give most attention to the aspects mentioned above. The other important factors that are considered are the damaged state of these structural systems due to natural events and/or to the lack of maintenance.
Considering all this, it was possible to obtain specialized forms only referring to two vulnerability indexes:
• the first related to the typological characteristics and to the structural slenderness, called the safety index; • the second related to the damage state, defined as the damage index. Other structural parameters that appear in the forms concern the presence of ties in the arcs and of counterforts; the constructive manner of the masonry; and the typology of the links between the walls.
The first form is dedicated to the survey of global typologic characteristics that allow one, based on the collected data, to define first level global vulnerability by means of the following equation:
We can see that, with an increase in the safety level S i and a decrease in the damage level D i , the vulnerability level decreases. The other forms refer to the most important macro-elements of the church. Each form allows one to define the local vulnerability of the macro-element considered.
We can obtain the second level global vulnerability through the average between the first level global vulnerability and the weighted mean of the vulnerability relative to the macro-elements considered:
The forms, although they represent an improvement over the ones currently available, only allow one to determine the vulnerability level of a building.
It is possible to attain the determination of seismic risk by crossing data relative to the vulnerability with those referring to the danger of the site, extrapolated from the seismogenetic map. When the risk levels for buildings belonging to the same area are determined, it is possible to group buildings with the same risk level into a class, and thus to draw up the risk maps. The procedure to follow in order to achieve the result mentioned above is reported in Fig. 1. 
Analytical models
When one passes from making decisions regarding an entire typology of buildings to making decisions for a single building, chosen as a representative specimen of its class, it is necessary to use more accurate analysis and investigation tools. This can be done by defining adequate calculation models suited to the real situation.
Referring to the structural systems of churches, we have two kinds of analytical models:
• approximate analytical models, made up of plane structural schemes, representative of significant parts of the whole system; • more reliable analytical models, made up of spatial schemes, representative of the entire structure or of significant macro-elements.
Figure 1:
Procedure for the determination of the dynamic maps.
Plane analytical models
The choice of these analytical models depends on the ratio between the base sides a/b of the system to be analysed and on the effectiveness of the transverse link among the longitudinal walls, due to the presence of the roofing elements. In From the examination of the deformed shapes, one can clearly see that the longitudinal walls have a bending deformation which is significantly dependent on the a/b ratio. When this ratio increases, the stiffening effect due to the interaction between transverse and longitudinal walls decreases. Therefore, in the case in which a/b is between 2.5 and 3.0 and the transverse connection can be considered negligible, it is possible, with sufficient reliability, to refer to a simplified analytical model made up of an isolated wall, subjected to horizontal forces normal to the middle plan and to vertical loads due to self-weight and to roofing elements.
When, instead, the connection among the walls is non-negligible or this connection is made effective by means of suitable tactics, the analytical model that most closely approximates the real situation is the one made up of a plane frame representative of the middle strip of the longitudinal walls (Fig. 3 ). Frame analytical model.
In this case seismic behaviour can be analysed referring to the possible collapse mechanism. The collapse load is provided by the lowest value among the critical multipliers relative to the mechanisms considered.
Spatial analytical models
For complex structural systems and when the above considered simplifying hypotheses are no longer acceptable, there is a need to adopt more reliable analytical models which take into account the 3-D behaviour of the system. The only simplification, which can be used only after verification, is to consider a significant macro-element as being fully representative of the entire system. In this case too, the reliability of the results essentially depends on the correspondence between the analytical model and a real situation in terms of typological and mechanical characteristics.
If the correspondence regards only the strength and elasticity characteristics of the materials used, one attains non-identified analytical models. If, instead, one can also ensure correspondence with the dynamic characteristics of the real system, dynamically identified analytical models are obtained. Models belonging to the first type are more often used. For their definition, data collected by means of diagnostic study, as mentioned above, are sufficient.
For the definition of models belonging to the second type, it is necessary to know the dynamic characteristics of the real system in terms of frequencies and modal shapes. The acquisition of these characteristics is achieved by a vibrational trial in situ. This trial must be accurately designed based on the results of the first-attempt dynamic analysis assuming a reference model. The modern techniques of dynamic identification are very useful to calibrate the reference model with the real one, in terms of frequencies and modal shapes.
These techniques, widely used in mechanical and aeronautical engineering, have recently also been used in civil engineering and make up the most advanced analysis methodology for the definition of analytical models perfectly corresponding, in all respects, to the real ones. The fact is that the frequencies and the modal shapes obtained by exciting the entire system accurately reflect the conditions of the structure, taking into account all the global built-in characteristics of the materials used and the damage suffered over the years.
Once the dynamically identified model is defined, it is easy to locate the atrisk points under the effects of the design earthquake, to proceed to the formulation of the improving works and, at last, to verify the effectiveness of these works by means of the evaluation of the new risk level. Obviously, this procedure can be repeated in order to optimize the typology of the improving works to satisfy the demands related with both structural safety and respect for architectural values.
From what was said above, it can be appreciated that, for correct seismic behaviour analysis of monumental buildings and for the choice of non-invasive and conservative works, it is essential to resort to dynamically identified models. The phases of the analysis methodology stated and the logical process to follow are reported in Procedure for the determination of the identified model and for the evaluation of the risk level.
Practical applications
Using the results obtained and employing the analysis methodologies described, two practical applications suitable for monumental works, and in particular to churches having a nave and one or more aisles in the historical centre of Catania, were performed. They represent the operative phase of the research project PROGETTO CATANIA 2 assigned to the Operative Unit of Palermo, and are part of the wider context of the important problem of seismic damage prevention for the safeguarding of the monumental patrimony. Prevention is, in all respects, the best policy to pursue to defend oneself from the devastating effects due to earthquakes. The first practical application concerns an operation extended to the whole historical centre area, aimed at the classification of a congruous number of churches belonging to a chosen typology, based on a priority scale in terms of the vulnerability levels obtained. The second practical application concerns a church chosen as a specimen among the ones considered before, in order to define the dynamically identified analytical model.
Referring to each application, the most significant aspects of the problems tackled and the results obtained will now be reported.
Classification in terms of seismic vulnerability
In order to determine the vulnerability of the churches chosen, the forms described in the section regarding the structural diagnostics were used. Among the several churches in the historical centre of Catania, those having a lengthened plan, with a nave and one or more aisles were selected, because this typology is widespread in the entire Mediterranean area. In order to make a further selection, those churches were considered that presented inadequate structural characteristics and safety state for resisting seismic actions. Once this preliminary operation was completed, we chose ten churches, as reported in the vulnerability forms and the collected data, are reported. Based on the vulnerability values obtained, it was possible to arrive at the definition of the priority scale of the aseismic works to be done, which is reported in the last column of Table 1 . These results will also be used for the definition of the seismic risk, proceeding as indicated in the scheme in Fig. 1 , when we have the site risk values that will be indicated by the Operative Unit of Catania.
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The analytical model identified
As was previously highlighted and as is clearly shown in the scheme in Fig. 4 , the two most important operations to define a dynamically identified model concern: a) acquisition of the dynamic characteristics by means of a vibrational test to be performed in situ; b) calibration of the reference model to the real behaviour in terms of frequencies and modal shapes. In the present case we proceeded as specified in the follow-up.
Acquisition of the dynamic characteristics
As a significant specimen of the monumental works of the historical centre of Catania, we selected the church of S. Nicolò l'Arena and we attempted to define its dynamically identified analytical model. This church, in addition to being of significant architectural interest as a whole, is topped by a cupola made of stone ashlars that is considered one of the slenderest built in all Europe. In order to achieve the identification, as a reference model we chose a macro-element representative of the entire structural system and corresponding to the transverse nave, over which the cupola stands. Finite element model.
To take the soil-structure interaction phenomena into account, the foundation bank is also considered. This first-attempt model, even though it is affected by the uncertainty of physical and mechanical parameters relative to the material used in the structure, allowed us to derive useful information about the behaviour and the dynamic characteristics to acquire by means of the vibrational test to be performed in situ.
In order to perform the dynamic analysis the ADINA-VERSION 2.0/NL1 program was adopted.
Because of the elevated mass and the significant stiffness of the structure to be made to vibrate, the first problem we faced was to establish which was the appropriate excitation system to attain a significant response, in order to acquire the dynamic characteristics and, at the same time, to guarantee the integrity of all the structural and non-structural elements. For this purpose, in a first phase of the research, we analysed the dynamic behaviour of the system under the effect of several types of dynamic loads applied at different points of the structure, as reported in Fig. 8 . Lastly, we decided to place the vibrodyna at the base of one of the four columns that hold up the cupola, in order to better involve the entire structural system, starting from the basement elements.
Hence, a necessity arose: to verify a priori whether the vibrodyna capacity was adequate to significantly excite the entire system and, in particular, all elements of the cupola, including the lantern. For this purpose, the same reference analytical model was subjected to a dynamic load of 1000 kg with a variable frequency, applied to joint 9 and acting in the X direction (Fig. 8) . the structural elements was adequate both for the acquisition of the dynamic characteristics and for catching the effects due to resonance phenomena.
The instruments used to execute these experimental measurements were: -8 servo-assisted accelerometer PCB's having a sensibility of 10.000 mV/g [mV/ms -2 ], a measurement range of 0.15 ≅ 1000 Hz, a maximum acceleration of ±5000 [m/s 2 ]; -acquisition and data pre-treatment systems made up of two units: one handling the accelerometers, the other used for sampling and visualizing the accelerations acquired. The results obtained from the reference analytical model were also very useful for the positioning of the measurement point and for the definition of the measurement reticule. For this purpose we took into account the need related to the acquisition of the dynamic characteristics of both a flexural and torsional type, which are the basis for the dynamic identification procedure.
For the acquisition of the flexural components, the accelerometers were situated on two orthogonal planes XZ and YZ, corresponding respectively to the longitudinal and transverse plans of the church, and spread all the way up the two generatrices belonging to the same two planes. The two measurement reticules are shown in Figs. 9 and 10.
Figures 9 and 10:
Measurement reticules in the XZ plane and the YZ plane.
For the survey of the torsional components, the accelerometers were situated on two horizontal planes: AA , located at the height of the dome skew-back, and BB , located at the height of the drum skew-back (Fig. 11) . Three accelerometers were situated on the structures belonging to each plane with a staggered angle of 90°, involving an angle of 180° (Fig. 12) . In all 20 tests were performed varying the excitation force, with a maximum intensity between 0.2 and 502.08 kg. For each point on the measurement reticule the response in terms of accelerations for a period not greater than 120 sec were acquired.
The analyses in terms of frequency for the determination of the modal parameters were performed in the range 0.3 ≅ 10 Hz. In order to determine the parameters necessary for the identification of the torsional frequencies, the temporal series were treated by means of Kalmann filters, obtaining the separation of the single harmonics. The calculus of the modal damping factor was performed using the half-power method applied to the spectral autodensity functions. In order to determine the signal/noise ratios due to the dynamic load, to which values the validity of the tests is strictly related, signals acquired during some tests in the different phases of excitation (null excitation, initial phase, intermediate phase and final phase), were analysed. It was thus possible to verify a maximum ambient noise amplitude of 0.01 m/sec 2 , equal to 5% of the maximum value produced by the dynamic load. Hence it was possible to assert that there was no significant interference of the ambient noise on the acquired signals. The analysis of the signals in the time and frequency domains allowed us to acquire useful information related both to the flexural and torsional stiffness values and to the damage state of the structural elements considered.
By way of illustration, some of the results obtained are reported in Figs. 13 and 14. Differences in the evaluation of the modal damping factors are found because of the dissipative behaviour of the system, which proved to be dependent on several factors which are not easy to understand. Thus the damping factor values determined are to be considered as a necessary simplification in order to execute the linear dynamic analysis by means of the modal overlay method (MDM).
• The amplitudes of the acceleration in 1X and 2X, at the top and bottom of the lantern, show the high deformability of this element; • The irregularities of the signal in 2X, even for low values of the dynamic load, show the different performances between the highly stiff cupola and the very deformable lantern; the asymmetric oscillation is due to the presence of a disconnectedness in the base of the lantern. The torsional component values obtained are: -nodes 1-3T and 4-6T = 7.9% (plans AA and BB).
• different planes AA and BB and confirm the rigid behaviour of the system towards torsion.
• stability of the system.
Identification of the analytical model
As shown in the scheme in Fig. 4 , the dynamically identified analytical model is determined by means of a calibration process: starting from the reference analytical model convergence is forced between the first-attempt characteristics and the empirical values.
In this first stage of the research, a linear elastic behaviour is considered and the reference analytical model is characterized by two elastic modules: E=4000 MPa for elevation structures; E=2000 MPa for foundation soil (Fig. 15) . Reference analytical model. This model is defined by 11,887 nodes; 5740 elements; and 33,486 equations. The identification problem is not solved by the trial and error method, but using a mathematic programming approach which is briefly explained.
The experimental analysis gave five resonance frequencies. From numerical analysis the first five frequencies are obtained, depending on the first-attempt elasticity modules determined.
F i,num =g(E 1 , E 2 , …, E n )
The absolute deviation and the average deviation between F i,exper. and F i,num are given by The results show three independent torsional modal shapes in the two
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A variation is assigned to the elasticity modules, one at a time, and the corresponding variation in the average deviation is evaluated, obtaining the following incremental rates:
From these incremental rates, the maximum slope direction in the n-dimension space, through its component (t i ), is determined by means of the equation:
Therefore, from the initial point, having null variations ∆Ε i , a first attempt is made by forcing the displacement into this position, through the relationship ∆t i /t i = cost (9) and the deviations at two other points are evaluated. This procedure for n=2 is illustrated in Fig. 16 . Considering a second-order polynomial trend among the three points considered, the minimum deviation is evaluated, giving the relative elasticity modules. Then the latter relative minimum position is adopted as the starting position and the technique is repeated until convergence is reached. Using this technique it was possible to define the analytical model reported in Fig. 17 , which is characterized by 12 different elasticity modules, identified through a chromatic scale with the indication of the values of E, ν and γ.
A simple comparison between the reference model ( Fig. 15 ) and the identified model (Fig. 17) clearly shows the validity of the important survey technique adopted. Having identified the model, it was possible to determine both flexural and torsional modal shapes, under the effect of different inputs, which are useful to catch the global behaviour of the structural system and to locate the at-risk points without entering into the detail of the tensional and deformational states. Referring to the present case, the modal shapes reported in Figs. 18, 19 and 20 are determined, from which one can clearly deduce that the structural element that arouses the greatest concern, regarding seismic actions, is the drum on which the cupola stands. Primarily, the pier walls of the drum, which among other things have cracks at the top and at the bottom, behave like true rigid pendulums, giving inadequate strength, both flexural and torsional. 
Conclusions and developments
The analysis methodologies and techniques referred to in this paper are considered to be the most suitable to correctly tackle prevention problems related to the tutelage of the existing historical-monumental patrimony. The available institutional procedures, based essentially on the acquisition of data derived by means of local tests and by the analysis of likely collapse mechanisms, are considered inadequate to correctly explain the global behaviour of a structural system belonging to a special typology. A practical example of the great difficulties and uncertainties found performing this kind of analysis is provided by the disastrous vicissitudes experienced by Noto Cathedral, which, in about two centuries, has gone out of commission six times due to severe structural damage, always being redesigned with the mechanism method, to the dismay of generations of designers, builders and administrators. Figure 21 .
Numeric torsional modal shape of the drum.
The analysis and the solution of the complex problems related to the seismic behaviour and the upgrading of a structural system belonging to a special typology and particularly of monuments, deserves tools with better precision and reliability. Methods based on the dynamic identification techniques are now considered the only ones able to satisfy these needs.
Although in this first stage only elastic behaviour is treated, the application developed and the results obtained provide evidence that these techniques are the only ones that make it possible to obtain an analytical model corresponding to the real one in terms of frequencies and modal shapes, and hence are suited to full numeric monitoring of the structure subjected to low seismic loads, though without taking into account existing damage. Starting from this important result, we intend, in a further stage, to expand on the research by means of a step-bystep analysis, taking into account the non-linearity of all materials and damage suffered by them.
The development of this programme requires initially extending the numericexperimental comparison of dynamic tests to the entire structure of the nave of the church examined and, furthermore, to performing some geotechnical tests of a Down-Hole and Cross-Hole type down to a depth of -50 metres, in order to better characterize the soil. The analytical model, which in this way will be finetuned, will be used to solve the problems related to the location of the at-risk points; the design of upgrading actions which are conservative and reversible; and the verification of the structural safety by determination of the new level of risk.
